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SUSY at the LHC

The LHC has searched for SUSY far and wide. Nothing but limits
so far.

What are the implications for the underlying model of SUSY-
breaking and mediation?

Has SUSY been excluded?
Is it time to throw in the towel?
Why are we here!

Should we all go home!
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SUSY at the LHC

In this talk, | will review the current status of SUSY searches and
their implications for the underlying model.

My remarks are meant to represent a purely personal point of
view.

While it is disappointing that SUSY was not “just around the
corner,’ | hope you will agree that there is still much discovery
potential remaining!
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The SUSY Paradigm

gauge~ediation

There are many
possibilities f
complete SUSY model

Most of these details
are not immediately
relevant for collider
signatures!!!

with R-paiity
without R-parity

Signatures



SUSY Scenarios

Type

Mediation
Scale

LSP

Pros

Cons

Gravity

Planck-scale

Neutralino

WIMP DM candidate;

severe SUSY flavor problem;

mediation or sneutrino automatic mu/Bmu uncalculable framework
Anomal)’ super- Neutralino no SUSY flavor problem tachyonic sleptons;
mediation Planck-scale (wino) requires “sequestering”
Gauge sub-Planck- N no SUSY flavor problem; o WIMP DM
d' i <cale gravitino calculable framework; mu/Bmu problem
mediation

viable spectrum
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Two views of the
SUSY-breaking Scale

=" The scale of SUSY breaking determines the mediation mechanism.

|

Gravity Anomaly
mediation mediation

10* GeV . : 10'7.GeV 10'% GeV VF
' ' —il - >
Promptly-decaying ' Displaced-decaying | Collider-stable |
LOSP LOSP LOSP Stable LOSP
-
L . . .
“0 It also determines the behavior of the lightest MSSM superpartner (LOSP).

Viewed like this, there is no material difference between
high-scale GMSB, gravity mediation, and anomaly mediation!!!
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cascade

NLSP \
SM partner
SM partner
NLSP /

cascade

Inclusive SUSY collider signatures are mainly dictated by:
®  Production mechanism (strong or EVV superpartner)
® I|dentity of the LOSP

e Lifetime of the LOSP
We will now survey some of the possibilities, keeping in

mind the underlying mediation mechanism.
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SUSY production at the LHC
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Yardsticks to measure the current progress



CMS Preliminary

Ranges of exclusion limits for gluinos and squarks, varying m(y")

T1: g—=qq)’

T1: 5—qq\"

T1: g—=qq)’

T2: §—q"

T2: §—q\’
Tlbbbb: §—bby"
Tlbbbb: §—bby"
TlInu: §—qqv™
T1Lh: bﬁqqi'gl,{“”
T52zz: g_-,qq;(g
T52z: §—qq\s
T5zz: g_-,qqig
T5zz: g_‘,qq;\..g
T1tttt: g — ity

| | |

a, 1.1 fb™', gluino

]
E, + jets, 1.1fb !, gl_
MT2, 1.1 b ", gluifORNN
apn 1.1 fb™', squark _
|

E,+ jets, 1.1fb ',

E,+b, 1.1 fb", gluino

MT2,1.1fb ', gluino

1*1%, 0.98 fb !, gluino

1“17,0.98 fb !, gluino

Z+F;, 098 fb !, gluino

JZB, 2.1 fb!, gluino
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Mass scales (GeV/c”)

For limits on m(§).m(g) > >m(3) (and vice versa). g’ =g"-0-D

~

_m(g) +m(x")

m(Y*)m(i3) =2t

1000

m(y") is varied from 0 GeV/c* (dark blue) to m(g)-200 GeV/c* (light blue).
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m(y") is varied from 0 GeV/c* (dark blue) to m(g)-200 GeV/c* (light blue).

Limits on colored SUSY
production are pretty
much on track.
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Ranges of exclusion limits for gluinos and squarks, varying m(y")

| | |

T1: g—qqx’ |ap 1.1 fb ', gluino

L, ——— Limits on colored SUSY
11 0’ (W12, 1110, o [ |
production are pretty
T2: §—q\’ |ap 1.1 fb7', squark _ much on track.
-

T2: g—q\  |B,+ jets, 1.1fb ',

Tlbbbb: g—bbY" [E,+b, 1.1 fo~ "', gluino

Tlbbbb: §—bby" |MT2, 1.1 fb ', gluino

Tllnu: g—qqv™ |11, 0.98 fb !, gluino _

TiLh: g—qqxs X" [1517, 0.98 fb !, gluino

~ 0

T52Z: §—qqX> | Z+ B, 0.98 fb™', gluino

~0

T5zz: g—qq\, |)ZB, 2.1 fb~', gluino

Squeezed spectra are
currently one exception.

T52z: §—qqXs |apn 1.1 b7, gluino

T52z: - a0 | By + Jets, 1.1 fo ', gifiNONNNNNNN

Titttt: g—tty) |71, 1.1 fb ™', gluino |
0 200 400 600
Mass scales (GeV/c”)

800 1000

For limits on m(§).m(g) > >m(3) (and vice versa). g’ =g"-0-D

__mig) +m‘\0)

m(Y™ ).m(yy) = -
m(y") is varied from 0 GeV/c* (dark blue) to m(g)-200 GeV/e* (light blue).




Squeezed Spectra

pP—gg, g— qay ; m(q)>>m(g) pp—qq, g— qx ; m(g)>>m(q)
;‘ 1 200 L I I I I I I I I I I I I I I I I A K_ I I I I I I I I I I I I I I I I I , 1 O E
3 - CMS Pﬁeliminary SRR oP"0%=1 /3x gNLO-QCD 7 %
= 498 b, \s=7TeV .’ T — oPr9=oNLo-acD 7 I=
31000 ‘ rod NLO-QCD -7 E
S [ Jets+iA, ‘ ---- oP%=3x """ e 1 O
[ g
Q
800 3]
| 3
- -1
600 1075
i _J
NPT O
‘ »
200
-3
400 600 800 1000 400 600 800 1000 1200 10
m, [GeV] m, [GeV]
No limit on gluino mass Keep in mind, squeezed spectra are perfectly valid theoretically!!

for mrsp > 400 GeV ?? They only do not arise in straw-man models like the CMSSM.



Inclusive searches

Long-lived particles DG Third generation

RPV

'MSUGRA/CMSSM : 0-lep +j's + E, ... |
MSUGRA/CMSSM : 1-lep +j's +E, .. |
MSUGRA/CMSSM : multijets + £, |
Pheno model : O-lep +j's + E, .. |
Pheno model : O-lep +j's + E, ... |

Gluinomed. % (- qai ): 1-lep +j's +E, ... |
GMSB : 2-lep OS__ + Ey s |

GMSB: 1t +js+ Er.

GMSB:2-t +j's + Er.

GGM :yy + E .

Gluino med. b (§—bb’) : 0-lep + b-j's + £, ...
Gluino med. t (Q—)ttx ):1-lep+b-j's+E, ..
Gluino med. t (g—>tt1 ):2-lep (SS) +j's +E, .
Gluino med. t (Q-»ttx )i multi-j's + E,

Direct bb (b,— b¥,): 2 bjets + Ey ..,
Direct tt (GMSB) : Z(—)ll) +b-jet + E

Direct gaugino (‘i‘i2 - 3I io ): 2-Iep SS + E —
~ Direct gaugino (7, 12 - 3lx ):3-lep +Ey . |

AMSB long-llved i
Stable massive particles (SMP) : R-hadrons
SMP : R-hadrons
SMP : R-hadrons
SMP : R-hadrons (Pixel det. only)

GMSB : stable T

RPV : high-mass ep |
Bilinear RPV : 1-lep +j's+E, . |
MSUGRNCMSSM BC1 RPV : 4-lepton + E, o

Hyperoolour smlar gluons 4 ;ets m =m,

ATLAS SUSY Searches” - 95% CL Lower Limits (Status: March 2012)

mss |
mes |

mss |

| llllllll | |

q=gmass J’ p
=3 mess Ldt=(0.03-4.7)fo

gmass (large my) fs=7TeV
Gmass (m(@ <2Tev,lightz))  ATLAS

gmass (m(Q) <2 TeV, light f?) Preliminary
gmass (m(i‘:) <200 GeV,m(%") =%(m(io)0m(§))
g mass (tang < 35)

g mass (tang > 20)

g mass (tang > 20)

g mass (m(i‘: ) > 50 GeV)

g mass (m(io ) < 300 GeV)
g mass (m(x ) < 150 GeV)

g mass (m(x ) <210 GeV)

g mass (m(x ) <200 GeV)
b mass (m(x ) < 60 GeV)

t mass (115 <m(x ) < 230 GeV)

7, mass ((m(7]) < 40 GeV, 1, m(Z;) = m(7,). m(i¥) = Xm(L) + m(Z;)
11 mass (m(z ) < 170 GeV, and as above)
%, mass (1 <t(%,) < 2 ns, 90 GeV limit in [0.2,90] ns)
g mass

b mass
I mass

v, mass (4,,=0.10, 4,,,=0.05)
q=gmass (Ct ¢, < 15mm)

g mass

sgluon mass (excl: m,, < 100 GeV, m, = 140 = 3 GeV)

1 | S S N . 1 llllllll 1 L1 1.1

| S S S . .

10" 1 10
Mass scale [TeV]



ATLAS SUSY Searches” - 95% CL Lower Limits (Status: March 2012)

|

MSUGRA/CMSSM : O-lep +j's + E, ..
MSUGRA/CMSSM : 1-lep +j's +E, . |
MSUGRA/CMSSM : multijets + E, .

Pheno model : O-lep +j's + E, ..

Pheno model : O-lep +j's + E, ...
Gluinomed. % (- qGx ): 1-lep +j's +E, ..
GMSB : 2-lep OSSF *+ E iss

GMSB: 1t +j's+ Er.

GMSB:2-t +j's + Er.

GGM :yy + Er'm'

Gluino med. b (G—bbi ) : O-lep + b-'s + E, .,
Gluino med. t (Q—)ttx ):1-lep+b-'s+E, ..
Gluino med. t (g—»ttz ): 2-lep (SS) +j's+E, .
Gluino med. t (§—>ttx ) multif's +E,

Direct bb(b—) bvx ):2b-jets + E, ...

Direct tt (GMSB) : Z(—)II) + b-jet + E —_—

Direct gaugino (5. iz - 3I io ): 2-Iep SS+E; s
~ Direct gaugino (x 12 - 3lx ):3-lep + E,,,,,,ss
AMSB Iong-llved i

Stable massive particles (SMP) : R-hadrons
SMP : R-hadrons

SMP : R-hadrons

SMP : R-hadrons (Pixel det. only)

GMSB : stable T

RPV : high-mass ep

Bilinear RPV : 1-lep +J's +E, .

MSUGRA/CMSSM - BC1 RPV : 4-lepton + E, ..
Hypercolour scalar gluons : 4 jets, m_=m,

Inclusive searches

Mss

mess

Third generation

Long-lived particles | DG

RPV

T 1
q=gmass
q =g mass

llllll | |

JLdt =(0.03-4.7) fo

gmass (large my) fs=7TeV
Gmass (m(@ <2Tev,lightz))  ATLAS
Preliminary

gmass (m(@) <2 TeV, light 7.)
g mass (m(i,) < 200 GeV. m(%") = Hm(x )*m(d))
g mass (tang < 35)
g mass (tang > 20)
g mass (tang > 20)
g mass (m(i‘: ) > 50 GeV)
g mass (m(io) < 300 GeV)
g mass (m(z ) < 150 GeV)
g mass (m(x ) <210 GeV)
g mass (m(x ) <200 GeV)
b mass (m(x ) <60 GeV)
t mass (115 <m(x ) < 230 GeV)
7, mass ((m(7]) < 40 GeV, 1, m(Z;) = m(7,). m(i¥) = Xm(L) + m(Z;)
11 mass (m(x ) < 170 GeV, and as above)
%, mass (1 <t(%,) < 2 ns, 90 GeV limit in [0.2,90] ns)
g mass

b mass
I mass

v, mass (4,,,=0.10, 4,,,=0.05)
mass (€t ¢, < 15 mm)

- -

q9=9

g mass
sgluon mass (excl: m,, < 100 GeV, m, = 140 = 3 GeV)

1 | S S N . | llllllll 1 L1 1.1

Limits on EW production currently weak,

nearly non-existent.
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~0

%

LHC Limits on EW production

Currently need to assume best-case scenarios to get a limit:

SPS8: Mmess=2A, Ns=1, tanf=15, cty gp<0.1mm

500 5‘ 104§ [ | [ | [ | [ | T 1 | [ | [ §

=R AR T = = ATLAS CLs expected 95% CL limit 3

450 |~ ATLAS f Ldt=2.06fb ", Vs=7TeV = o) i —— CLs observed 95% CL limit ]

400 = %% =TVIENITUEY = 1vi v, v 10° =l |

- 1 b = + 20 3

350 = M =My R . —— SPS8 NLO cross section 1

— | ke B n
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ldentity of the LOSP: AMSB

A general feature of anomaly mediation:
MI:M2:M3 =28:1:7
Wino LSP!!

In AMSB, squarks and sleptons either ~100 TeV (not
sequestered), or weak scale (sequestered). Latter case leads to
tachyonic slepton masses for pure AMSB.

Version of “minimal AMSB” implemented in spectrum generators

adds a universal scalar mass-squared to AMSB masses. THIS IS
NOT A REAL MODEL. As problematic as the CMSSM.



ldentity of the LOSP: AMSB
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Charged wino can have a macroscopic lifetime before decaying to
the neutral wino -- disappearing track

ATLAS has a recent search (ATLAS-CONF-2012-034).

Final state: >=3 jets + lepton veto + MET + disappearing track

It’s a good start, but very non-inclusive!!! Highly tuned to specifics

of minimal AMSB model.
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Misleading plot!
Search is actually looking for gluino
and squark production...



ldentity of the LOSP: GMSB

® |n GMSB, the LOSP (aka the NLSP) can be any superpartner in
the MSSM. (Meade, Seiberg & DS; Buican, Meade, Seiberg, DS)

G

NLSP \
SM partner

SM partner
NLSP /

L




ldentity of the LOSP: GMSB

Analysis Collaboration | Luminosity (fb™') | Ref
jets+MET ATLAS 1 2]

CMS 1.1 3]

with o CMS 1.1 4]

6-8 jets+MET ATLAS 1.34 [5]
b-jets+ MET ATLAS 0.833 (6]

CMS 1.1 [7]

SS dileptons+jets+MET CMS 0.98 8]
OS dileptons +jets+ MET CMS 0.98 9]
lepton+jets+MET ATLAS 1.04 [10]
CMS 1.1 [11]

lepton+b-jets+MET ATLAS 1.03 [12]
Z((07)+jets+MET CMS 0.98 [13]
tt+MET ATLAS 1.04 [14]
vy+MET ATLAS 1.07 [15]
yy+jet+MET CMS 1.1 [16]
v+jets+MET CMS 1.1 [16]
Y+H{+MET CMS 0.035 [17]
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® Opverall, the coverage of different NLSP types by non-dedicated searches has
been pretty good.

® |ndicates that the search for SUSY at the LHC is robust.Well done!

® Again, limits are for strong production; limits on EW production still lacking.



ldentity of the LOSP: GMSB

We're also starting to see more dedicated searches for general
GMSB signatures.

There’s more to GMSB than photons and taus!!!

For example, hot off the presses is an ATLAS search for higgsino-
like NLSPs decaying to Z+MET (ATLAS-CONF-2012-047)

First ever dedicated search for higgsino NLSPs!
gluino = higgsinotjets; higgsino = Z+gravitino

Final state: Z(Il) + MET + (>=3 jets or HT)
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Interestingly, no limit yet on direct Higgsino production...



Higgsino NLSPs through
Stop Production

Another recent, related search from ATLAS: Higgsino NLSPs
through stop production -- “natural SUSY” (arXiv:1204.6736)

Stop — b + Higgsino or t + Higgsino; Higgsino = Z+MET

Final state: Z(ll) + MET + b jet+ jets

stop pair in GMSB Natural model
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An Interesting Alternative:
Stop NLSPs

An even more minimal realization of “natural SUSY” is stop NLSP
(Kats & DS “Light Stop NLSPs at the Tevatron and LHC")

Direct production of stop; stop = top+MET

1 —

5 <1 Tevatron

2 B

1 [ ~
St 2
2F IS

Very challenging to see under ttbar background!



An Interesting Alternative:
Stop NLSPs

Currently no dedicated searches for stop NLSPs, at either
Tevatron or LHC. They could still be lighter than the top!!
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Conclusions

“The state of the SUSY search at the LHC is strong.”
Colored SUSY production has been well covered.

Searches are mostly robust, not overly tuned to specific
scenarios.

The low hanging fruit has largely been picked.

New, more challenging frontiers await:
e EW production (winos, higgsinos, sleptons)
®  top-rich signatures (light stops)

e Displaced vertices (intermediate SUSY-breaking scale)



The End



